Abstract: The cosmopolitan fungal genus Alternaria consists of multiple saprophytic and pathogenic species. Based on phylogenetic and morphological studies, the genus is currently divided into 26 sections. Alternaria sect. Alternaria contains most of the small-spored Alternaria species with concatenated conidia, including important plant, human and postharvest pathogens. Species within sect. Alternaria have been mostly described based on morphology and / or host-specificity, yet molecular variation between them is minimal. To investigate whether the described morphospecies within sect. Alternaria are supported by molecular data, whole-genome sequencing of nine Alternaria morphospecies supplemented with transcriptome sequencing of 12 Alternaria morphospecies as well as multi-gene sequencing of 168 Alternaria isolates was performed. The assembled genomes ranged in size from 33.3-35.2 Mb within sect. Alternaria and from 32.0-39.1 Mb for all Alternaria genomes. The number of repetitive sequences differed significantly between the different Alternaria genomes; ranging from 1.4-16.5 %. The repeat content within sect. Alternaria was relatively low with only 1.4-2.7 % of repeats. Whole-genome alignments revealed 96.7-98.2 % genome identity between sect. Alternaria isolates, compared to 85.1-89.3 % genome identity for isolates from other sections to the A. alternata reference genome. Similarly, 1.4-2.8 % and 0.8-1.8 % single nucleotide polymorphisms (SNPs) were observed in genomic and transcriptomic sequences, respectively, between isolates from sect. Alternaria, while the percentage of SNPs found in isolates from different sections compared to the A. alternata reference genome was considerably higher; 8.0-10.3 % and 6.1-8.5 %. The topology of a phylogenetic tree based on the whole-genome and transcriptome reads was congruent with multi-gene phylogenies based on commonly used gene regions. Based on the genome and transcriptome data, a set of core proteins was extracted, and primers were designed on two gene regions with a relatively low degree of conservation within sect. Alternaria (96.8 and 97.3 % conservation). Their potential discriminatory power within sect. Alternaria was tested next to nine commonly used gene regions in sect. Alternaria, namely the SSU, LSU, ITS, gapdh, rpb2, tef1, Alt a 1, endoPG and OPA10-2 gene regions. The phylogenies from the two gene regions with a relatively low conservation, KOG1058 and KOG1077, could not distinguish the described morphospecies within sect. Alternaria more effectively than the phylogenies based on the commonly used gene regions for Alternaria. Based on genome and transcriptome comparisons and molecular phylogenies, Alternaria sect. Alternaria consists of only 11 phylogenetic species and one species complex. Thirty-five morphospecies, which cannot be distinguished based on the multi-gene phylogeny, are synonymised under A. alternata. By providing guidelines for the naming and identification of phylogenetic species in Alternaria sect. Alternaria, this manuscript provides a clear and stable species classification in this section.
INTRODUCTION
Alternaria sect. Alternaria contains most of the small-spored Alternaria species with concatenated conidia. Almost 60 morphological or host-specific species can be assigned to this section, including the type species of the genus Alternaria, A. alternata (Woudenberg et al. 2013) . Alternaria alternata is known as the cause of leaf spot and other diseases in over 100 host species of plants (Rotem 1994) , but also as postharvest disease in various crops (Coates & Johnson 1997 ) and of upper respiratory tract infections and asthma in humans (Kurup et al. 2000) . Other important plant pathogens in sect. Alternaria include A. longipes, the causal agent of brown spot of tobacco, A. mali, the causal agent of Alternaria blotch of apple, A. gaisen, the causal agent of black spot of Japanese pear and A. arborescens, the causal agent of stem canker of tomato. The first descriptions of the A. alternata, A. tenuissima, A. cheiranthi and A. brassicicola species-groups, based on sporulation patterns, were made by Simmons (1995) . More recent molecularbased studies revealed that Alternaria species cluster in several distinct species clades, now referred to as sections (Lawrence et al. 2013 , Woudenberg et al. 2013 ), which do not always correlate with the species-groups that were delineated based on morphological characteristics. Currently, 26 Alternaria sections are recognised based on molecular phylogenies (Woudenberg et al. 2013 , Grum-Grzhimaylo et al. 2015 . So far, species within sect. Alternaria have been mostly described based on morphology and / or host-specificity; yet the molecular variation between them is minimal. The standard gene regions used for the delimitation of Alternaria species are not able to delineate species within sect. Alternaria (Peever et al. 2004 , Andrew et al. 2009 ). Multiple molecular methods have been tested or proposed for distinguishing the small-spored Alternaria species, including random amplified polymorphic DNA (Roberts et al. 2000) , amplified fragment length polymorphism (Somma et al. 2011) , selective subtractive hybridisation (Roberts et al. 2012) and sequence characterised amplified genomic regions (Stewart et al. 2013a) . However, none of these methods successfully distinguished all morphospecies described within sect. Alternaria.
The terms forma specialis and pathotype have been used to describe isolates that are morphologically indistinguishable from A. alternata, but infect particular hosts. At least 16 different f. sp. epithets occur in the literature, of which most were raised to species level by Simmons (2007) . Nishimura & Kohmoto (1983) proposed that Alternaria strains with identical morphology but producing different host-selective toxins (HST) should be defined as distinct pathotypes of Alternaria. Currently there are seven pathotypes of A. alternata described (Akimitsu et al. 2014) , but this term is not widely adopted.
Because most morphospecies within sect. Alternaria cannot be distinguished based on sequences of standard housekeeping genes (Andrew et al. 2009 ), whole-genome sequencing technologies can be applied to search for genes, which can distinguish (most of) the described species (Lawrence et al. 2013) . Since the introduction of next generation sequencing (NGS) many fungal genomes have become available for study, with the 1 000 fungal genomes project (Spatafora 2011 ) as a public stimulant for generating this kind of data. Currently there are two publicly available Alternaria genomes at NCBI (National Center for Biotechnology Information), namely A. brassicicola, sect. Brassicicola (BioProject PRJNA34523), and A. arborescens, sect. Alternaria (BioProject PRJNA78243).
In this study, whole-genome sequences of four Alternaria spp. from sect. Alternaria and five Alternaria spp. from five other sections were generated, and supplemented by transcriptome sequences of nine Alternaria spp. from sect. Alternaria and three Alternaria spp. from three other sections of Alternaria. Species were selected based on their phylogenetic position (Woudenberg et al. 2013) in such a way that they are representative of the genus Alternaria, from the sister section of sect. Alternaria, sect. Alternantherae (A. alternantherae), to the most distant section, sect. Crivellia (A. papaveraceae). Within sect. Alternaria, species were selected based on their economic importance. Based on the genome and transcriptome data, two gene regions with relatively low conservation, the eukaryotic orthologous group (KOG) protein loci, KOG1058 (96.8 % conservation) and KOG1077 (97.3 % conservation), were identified and tested for their potential discriminatory power within sect. Alternaria. Together with a standard multi-gene phylogeny of 168 Alternaria isolates based on sequences of parts of nine gene regions, namely the internal transcribed spacer regions 1 and 2 and intervening 5.8S nrDNA (ITS), the 18S nrDNA (SSU), the 28S nrDNA (LSU), glyceraldehyde-3-phosphate dehydrogenase (gapdh), RNA polymerase second largest subunit (rpb2), translation elongation factor 1-alpha (tef1), Alternaria major allergen gene (Alt a 1), endopolygalacturonase (endoPG) and an anonymous gene region (OPA10-2), an attempt was made to create a clear and stable phylogenetic species classification in Alternaria sect. Alternaria.
MATERIAL AND METHODS

Isolates
One-hundred-and-sixty-eight Alternaria strains, including 64 (ex-) type or representative strains, present at the CBS-KNAW Fungal Biodiversity Centre (CBS), Utrecht, The Netherlands, were included in this study (Table 1) based on the phylogenetic position derived from their ITS sequence. A "representative isolate" refers to the strain used to describe the species based on morphology in
The Alternaria Identification Manual (Simmons 2007) . Freezedried strains were revived in 2 mL malt / peptone (50 % / 50 %) and subsequently transferred to oatmeal agar (OA) (Crous et al. 2009 ). Strains stored in liquid nitrogen were transferred to OA directly from the −185°C storage.
DNA and RNA isolation for NGS
The genomes of four Alternaria spp. from sect. Alternaria and five Alternaria spp. from five other sections (Table 2) as well as the transcriptome profiles of nine Alternaria spp. from sect. Alternaria and three Alternaria spp. representing three other sections of Alternaria were sequenced (Table 3) . Species were selected based on their economic importance and their phylogenetic position, with the intention to be representative of the entire genus Alternaria with a focus on sect. Alternaria. Isolates were grown in malt peptone (MP) (Crous et al. 2009 ) supplemented with 1 × BME vitamin solution (Sigma-Aldrich ® Chemie B.V., Zwijndrecht, The Netherlands) in a shaking incubator, at 25°C, in the dark, for 3 d. When growth was observed, cultures were mixed in a blender and transferred to fresh MP with vitamin solution, and returned to the shaking incubator for another 2-3 d. When sufficient growth was observed, the mycelium was harvested with a Whatman No. 4 filter disk and a Buchner funnel, attached to a vacuum flask.
For isolating DNA, QIAGEN Genomic 100/G tips (QIAGEN Benelux B.V., Venlo, The Netherlands) were used and processed following the lysis protocol for tissue in the QIAGEN Blood & Cell Culture DNA kit. The following alternative steps, as suggested by the protocol, were followed. The mycelium, of which a maximum of 4 g (wet weight) was used, was grinded to a fine powder with liquid nitrogen in a pre-cooled mortar and pestle. Proteinase K stock solution was added to the solution, after which it was incubated for 2 h at 50°C in a shaking incubator running at 700 rpm. Prewarmed QF buffer (50°C) was used to elute the genomic DNA, and after precipitation the DNA was centrifuged at 4°C for 20 min at 8 500 × g.
For isolating RNA, the QIAGEN RNeasy Midi kit was used following the protocol for isolation of total RNA from animal tissues including the optional on-column DNase digestion. For the disruption of the tissue and homogenisation of the lysate, the mortar and pestle with needle and syringe homogenisation method, as described in the protocol, was followed. All centrifuge steps are performed at room temperature at 4 000 × g. When necessary, a final standard LiCl purification was performed.
NGS
DNA sequence and RNA sequence library preparation (500 bp insert) for Illumina ® sequencing and the sequencing itself (100-bp paired end reads) were performed at the Applied Biosystematics Group of Plant Research International (PRI, Wageningen).
DNA sequence library preparation for Ion Torrent™ sequencing was performed at the CBS. The Ion Torrent™ library preparation was carried out using the Ion Xpress™ Fragment Library Kit (Thermo Fisher Scientific, Bleiswijk, The Netherlands), with 180 ng of DNA. Adapter ligation, size selection and nick repair were performed as described in the Ion Torrent™ protocol using the Ion Xpress™ Plus Fragment 
Genome assembly and mapping
De novo genome assembly of the Illumina ® paired-end reads were quality-filtered and assembled using the A5 pipeline v. 13.01.2014 (Tritt et al. 2012) and de novo genome assembly of Ion Torrent™ reads was performed using Newbler v. 2.9 (454 Life Sciences, Roche Applied Science, Branford, CT, USA). Repeats in the assembled genomes were identified using de novo repeat detection with RepeatModeler (Smit & Hubley 2008) followed by genome-wide repeat annotation using RepeatMasker (Smit et al. 1996) , combining the de novo repeats with previously described repeat families from RepBase Update (release 31-04-2014) (Jurka et al. 2005) .
Whole-genome alignments were performed using NUCmer, part of the MUMmer v. 3.1 package (Kurtz et al. 2004 ), using the "mum" option to find matches unique in query and reference. Subsequently, the average identity of the aligned sequences was calculated using dnadiff, part of MUMmer v. 3.1.
Genomic variants were inferred using GATK v. 3.3 (DePristo et al. 2011). Briefly, genomic or transcriptomic reads were mapped against a reference genome (A. alternata CBS 916.96) using BWA (Li & Durbin 2009 ) using the BWA-MEM algorithm v. 0.7.5a-r405. Transcript reads were trimmed prior to mapping using fastx-tools. Duplicated reads were identified and marked using Picard tools (http://broadinstitute.github.io/picard). Using GATK, transcript reads were splitted into exons and overhangs were removed. Subsequently, transcript and genomic reads were locally realigned to minimise the number of mismatches over all reads. Afterwards, genomic variants (SNPs) were called using GATK's UnifiedGenotyper (standard call and emitting threshold of 20; haploid organisms), and the resulting SNPs were filtered based on quality (Qual = 50), depth (DP = 10) and allelic frequency (AF = 0.9).
Conserved eukaryotic orthologous group (KOG) proteins were identified using the Core Eukaryotic Genes Mapping Approach (CEGMA) pipeline (Parra et al. 2007 ). The conservation table was constructed from the five available genomes of sect. Alternaria to avoid alignment problems that could affect the conservation values. The reference sequence alignment-based phylogeny builder (REALPHY) v. 1.09 (Bertels et al. 2014 ) was used to construct a phylogenetic tree based on the whole-genome and transcriptome reads and the previously assembled Alternaria genomes. Briefly, short reads (genome and transcriptome) as well as short sequence fragments (100 nt) derived from the previously assembled genomes were mapped against the reference genome (A. alternata CBS 916.96) using Bowtie2. Subsequently, polymorphic as well as non-polymorphic sites were filtered (per base quality [20] , coverage [10] and polymorphism frequency [0.95]) and extracted. Only sites that were present in all species were retained. The derived pseudo-molecule was used to infer a maximum likelihood phylogenetic tree using PhyML using the generalised time reversible (GTR) nucleotide substitution model. The robustness of the phylogeny was assessed by 1 000 bootstrap replicates.
PCR and sequencing
DNA extraction for gene sequencing was performed using the UltraClean™ Microbial DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA), according to the manufacturer's instructions. The SSU, LSU, ITS, gapdh, rpb2 and the tef1 gene regions were amplified and sequenced as described in Woudenberg et al. (2013) and the Alt a 1 gene as described in Woudenberg et al. (2014) . The endoPG and OPA10-2 gene regions were amplified using the primers PG3 and PG2b and OPA10-2L and OPA10-2R (Andrew et al. 2009 ). For the KOG1058 and KOG1077 gene regions the primers KOG1058F2 (5 0 -GAG TCA CGT TAY CGC ASC-3 0 ) and KOG1058R2 (5 0 -TGG CTK ACG GAR ACG-3 0 ) and KOG1077F2 (5 0 -GGA GCA GTC GGG CAA CG-3 0 ) and KOG1077R2 (5 0 -ATT CRT GTT GTA CRA TCG C-3 0 ) were designed from the genomic data. The PCRs were performed in an Applied Biosystems ® 2720 Thermal Cycler (Thermo Fisher Scientific), in a total volume of 12.5 μL. The PCR mixtures consisted of 1 μL genomic DNA, 1× NH 4 reaction buffer (Bioline, Luckenwalde, Germany), 2 mM (endoPG, OPA10-2) or 1.6 mM MgCl 2 (KOG1058, KOG1077), 20 μM of each dNTP, 0.2 μM of each primer and 0.5 U Taq DNA polymerase (Bioline). The PCR conditions consisted of an initial denaturation step of 5 min at 94°C followed by 40 cycles of 30 s at 94°C, 30 s at 50°C and 30 s at 72°C for endoPG, 35 cycles of 30 s at 94°C, 30 s at 62°C and 45 s at 72°C for OPA10-2, and 35 cycles of 30 s at 94°C, 30 s at 59°C and 60 s at 72°C for KOG1058 and KOG1077, and a final elongation step of 7 min at 72°C. The PCR products were sequenced in both directions using the PCR primers and a BigDye ® Terminator v. 3.1 Cycle Sequencing Kit (Thermo Fisher Scientific), and analysed with an ABI Prism 3730xl DNA Analyser (Thermo Fisher Scientific) according to the manufacturer's instructions. Consensus sequences were computed from forward and reverse sequences using the BioNumerics v. 4.61 software package (Applied Maths, St-Martens-Latem, Belgium). All generated sequences were deposited in GenBank (Table 1) .
Phylogenetic analyses
Multiple sequence alignments of individual data partitions were generated with MAFFT v. 7 (http://mafft.cbrc.jp/alignment/server/ index.html), and manually adjusted. The best nucleotide substitution model for each partition was determined with Findmodel (http://www.hiv.lanl.gov/content/sequence/findmodel/ findmodel.html). For the ITS and OPA10-2 partitions a K80 model with a gamma-distributed rate variation was suggested, for the SSU, LSU, tef1 and Alt a 1 partitions a HKY model, with gamma-distributed rate variation for LSU and Alt a 1, for the gapdh, rpb2 and KOG1077 partitions a TrN model with gammadistributed rate variation and for the endoPG and KOG1058 partitions a GTR model with gamma-distributed rate variation. Bayesian analyses were performed with MrBayes v. 3.1.2 (Huelsenbeck & Ronquist 2001 , Ronquist & Huelsenbeck 2003 on the individual data partitions as well as the combined aligned dataset. The Markov Chain Monte Carlo (MCMC) analysis used four chains and started from a random tree topology. The sample frequency was set at 500 for the combined analysis and the less informative loci (SSU, LSU, ITS and tef1) and at 100 for the remaining loci. The temperature value of the heated chain was 0.1 and the run stopped when the average standard deviation of split frequencies fell below 0.01. Burn-in was set to 25 % after which the likelihood values were stationary. Tracer v. 1.5.0 (Rambaut & Drummond 2009 ) was used to confirm the convergence of chains. A maximum-likelihood analysis including 500 bootstrap replicates using RAxML v. 7.2.6 (Stamatakis & Alachiotis 2010) was additionally run on the combined aligned dataset. Sequences of A. alternantherae (CBS 124392) were used as outgroup. The resulting trees were printed with TreeView v. 1.6.6 (Page 1996) and, together with the alignments, deposited into TreeBASE (http://www.treebase. org).
Phylogenetic species recognition and naming in Alternaria sect. Alternaria Individual gene trees were generated as described in the "Phylogenetic analyses" part above and examined manually. A species clade was only recognised as unique if it was wellsupported and monophyletic with all of its included isolates in multiple single-gene phylogenies, and no incongruencies were observed in the other single-gene phylogenies, e.g. the included isolates clustered together in all single-gene phylogenies. Unique molecular markers for the recognised species, which separates them from the other species in sect. Alternaria, are described with the species below and listed in a table which can be downloaded from the CBS-KNAW website (www.cbs.knaw.nl/ index.php/studies-in-mycology) or requested from the author. Unique fixed nucleotide positions were derived from the respective alignments of the separate loci deposited in Tree-BASE based on a comparison of the sequences of all isolates from the specific species to the sequences of all isolates of the other recognised species within sect. Alternaria.
To further standardise the taxonomic terms used, the trinomial system introduced by Rotem (1994) is favoured. When differences in host affinity are observed within the isolates of one (of the above-defined) species, the third epithet, the forma specialis, defines the affinity to this specific host in accordance with the produced toxin causing this affinity. When different toxins are produced on the same host, but these toxins affect different host species, the term pathotype should be used in addition. All isolates which are not confined to specific hosts and / or toxins should retain only the binomial name until such specificity is found. For examples, please refer to the species notes under A. alternata below and to the Discussion.
RESULTS
NGS
Nine Alternaria (morpho)species were sequenced using Ion Torrent™ or Illumina ® sequencing technologies, yielding between 38× and >260× average genome coverage ( Table 2 ). The assembled genomes ranged in size from 33.3-35.2 Mb within sect. Alternaria and from 32.0-39.1 Mb for all Alternaria genomes (Table 2) . To characterise the assembled genomes, the repetitive complement of each individual genome was identified and classified using a combination of de novo prediction and identification of known repetitive elements. Surprisingly, the number of repetitive sequences differed significantly between different Alternaria genomes. Within sect. Alternaria, the number of repetitive sequences is relatively low; only 1.4-2.7 % of each genome was classified as repetitive (Table 2 ). In contrast, A. avenicola and A. alternantherae carry significantly higher percentages of repetitive elements, >10 % and >15 %, respectively (Table 2) .
To assess the genomic differences between the included species, whole-genome alignments to the reference genome of A. alternata (CBS 916.96) were performed. These alignments revealed 96.7-98.2 % genome identity within sect. Alternaria compared to 85.1-89.3 % genome identity between isolates from other sections with A. alternata. Furthermore, the number of single nucleotide polymorphisms (SNPs) between the different species were assessed by mapping genomic reads to the reference genome of A. alternata (CBS 916.96). Between isolates from sect. Alternaria, 1.4-2.8 % SNPs were observed, while the percentage of SNPs found in isolates from different sections was considerably higher, ranging from 8.0-10.3 % (Table 2) .
To further characterise the genus, deep transcriptome sequences of 12 isolates were derived that were mapped to the reference isolate of A. alternata (CBS 916.96). In this case, 0.8-1.8 % SNPs among the isolates from sect. Alternaria were observed, while the isolates from other sections displayed 6.1-8.5 % SNPs (Table 3) .
Marker genes with potential discriminatory power were identified by predicting a set of conserved eukaryotic genes (KOG) in the genomes of the five assembled sect. Alternaria genomes using the CEGMA pipeline. Out of 380 included KOGs, 326 (86 %) had a conservation level of 98 %. Therefore, we focused on the 25 KOGs with the lowest degree of conservation, ranging from 83.0-97.3 %, and evaluated their discriminatory power. KOGs that were not able to distinguish all morphospecies included in the whole-genome and transcriptome sequencing were immediately rejected. Primers spanning the first 5 introns of KOG1058 and KOG1077 were designed (see the "PCR and sequencing" part of the "Material and Methods"). These proteins were found on place 16 and 23 in the conservation table and both act in the vesicle coat complex, although in different systems; namely COPI versus AP-2.
The pseudo-molecule derived from the whole-genome and transcriptome reads with REALPHY contained 1 750 944 nt. The topology from the REALPHY phylogeny ( Fig. 1) corresponds to the multi-gene phylogeny based on a five-gene combined dataset ( fig. 3 in Lawrence et al. 2013 ) and a three-gene combined dataset ( fig. 1 in Woudenberg et al. 2013) . Section Alternantherae and sect. Porri are the sister sections of sect. Alternaria, while sect. Infectoriae and sect. Crivellia, are the most distant sections (Fig. 1) .
Gene-based phylogeny and identification
From the 168 isolates included in the multi-gene phylogeny, the amplification and / or sequencing of two isolates for the rpb2 gene, three for the Alt a 1 gene, one for the endoPG gene and four for the OPA10-2 regions failed ( included as missing data in the combined analysis. The aligned sequences of the SSU (1 021 aligned characters), LSU (849 aligned characters), ITS (523 aligned characters), gapdh (579 aligned characters), tef1 (241 aligned characters), rpb2 (753 aligned characters), Alt a 1 (473 aligned characters), endoPG (448 aligned characters) and OPA10-2 (634 aligned characters) gene regions contained 6, 9, 27, 60, 42, 87, 110, 59 and 123 unique site patterns, respectively. Because of the low informative value of the SSU and LSU sequences (6 / 9 unique site patterns out of 1 021 / 849 aligned characters) these genes were excluded from the multi-gene phylogeny. The multi-gene phylogeny based on the remaining seven gene regions contained 3 651 characters including alignment gaps, which, after discarding the burn-in phase, resulted in a 50 % majority rule consensus tree based on 15 002 trees from two runs (Fig. 2) . The alignments of the additional gene regions that were sequenced, KOG1058 and KOG1077, consisted of 921 and 781 aligned characters, respectively, of which 118 and 78 were unique site patterns. The amplification and / or sequencing of the KOG1077 gene failed in six of the 49 isolates, representing the species A. alstroemeriae, A. iridiaustralis and A. jacinthicola (Table 4) . Since the KOG1077 sequences could not separate A. longipes from A. gossypina, no further effort was put in optimising the primers to obtain the missing data.
Although the single-gene phylogenies are not fully congruent in terms of species resolution (see TreeBASE), 11 clades can be distinguished consistently within the single-gene phylogenies and in the multi-gene phylogeny (Fig. 2) . Eight of those are single species clades representing A. alstroemeriae, A. betae-kenyensis, A. eichhorniae, A. gaisen, A. iridiaustralis, A. jacinthicola, A. longipes, and A. tomato. Three further clades constitute numerous morphospecies, which are synonymised here under A. burnsii, A. gossypina and the A. arborescens species complex (AASC). However, the majority of the isolates (105 / 168), representing 35 morphospecies, do not form clear phylogenetic clades. The subclades that are formed by these isolates are incongruent between the different gene regions sequenced; no two genes show the same groupings from any of the 100 plus isolates. These morphospecies are synonymised below under A. alternata.
None of the genes sequenced in this study enabled us to distinguish all of the phylogenetic species recognised here on its own (Table 4 ). The commonly used gapdh sequence could distinguish all species, except the A. arborescens species complex (AASC), from A. alternata. Five genes, namely rpb2, OPA10-2, Alt a 1, endoPG and KOG1058, could separate all species from A. alternata, but failed to separate different pairs of other species from one another (see Table 4 ). The SSU, LSU and ITS genes were least successful in separating the species accepted in this study. The unique fixed nucleotides per gene region are provided below under the treatment of each species, and are summarised in a table which can be downloaded from the CBS-KNAW website (www.cbs.knaw.nl/index.php/studies-inmycology) or requested from the author.
Phylogenetic species in sect. Alternaria Notes: Although A. gossypina only has three unique fixed nucleotides, the species can easily be distinguished from A. alternata using molecular data. The low number of unique fixed nucleotides is due to its close phylogenetic relationship to A. longipes. Most of the nucleotide differences present between A. gossypina and the A. alternata isolates are also present in the A. longipes isolates. The isolate of A. gossypina deposited to the CBS by J.C.F. Hopkins, CBS 104.32, is recognised as ex-type culture of A. gossypina and the isolate of A. grisea deposited at the CBS by A. von Szilvinyi, CBS 107.36, is recognised as extype isolate of A. grisea. The isolate CBS 100.23, from Malus domestica, was deposited at the CBS as A. grossulariae. The original type description of this species, however, was from Grossularia sp., from Riga, Letland. Therefore A. grossulariae is not synonymised under A. gossypina based on this isolate pending the recollection of authentic material of the former species. By synonymising A. grisea, A. colombiana and A. tangelonis under A. gossypina, this species now has become an Alternaria species with a broad host range including host species from the Rutaceae, Malvaceae and Rosaceae.
= Alternaria capsicicola A. Nasehi, J. Kadir & F. Abed-Ashtiani, Mycol. Progr. 13: 1044 . Notes: Although A. jacinthicola only has a few unique fixed nucleotides, the species can easily be distinguished from A. alternata using molecular data. The low number of unique fixed nucleotides is due to its close phylogenetic relationship to A. tomato and A. burnsii. Most of the nucleotide differences present between A. jacinthicola and the A. alternata isolates are also present in the A. tomato and / or A. burnsii isolates. By including two other isolates with A. jacinthicola, it has become an Alternaria species with a broad host range including species from the Pontederiaceae, Cucurbitaceae and Fabaceae. The recently described A. capsicicola (Nasehi et al. 2014 ) is synonymised under A. jacinthicola based on its Alt a 1 (KJ508068, KJ508069) and gapdh (KJ508064, KJ508065) sequences which are 100 % identical to A. jacinthicola. The name A. capsicicola is invalid, as two accessions were designated as holotype specimens. Notes: Although A. longipes only has a few unique fixed nucleotides, the species can easily be distinguished from A. alternata using molecular data. The low number of unique fixed nucleotides is due to its close phylogenetic relationship to A. gossypina. Most of the nucleotide differences present between A. longipes and the A. alternata isolates are also present in the A. gossypina isolates. ALTERNARIA SECTION ALTERNARIA www.studiesinmycology.org Notes: Although A. geophila is the oldest name in this species complex, the well-known name A. arborescens is retained above the relatively unknown name A. geophila for the species complex. The morphospecies present in this complex could not be resolved with the set of partial gene sequences used in this study and a more detailed study, possibly using whole-genome sequences of additional isolates from this species complex, is needed. Should this species complex be resolved and A. geophila and A. arborescens have to be synonymised, priority of the name A. arborescens over A. geophila is strongly suggested. The isolate CBS 126.60 was deposited in the CBS collection as A. maritima; however, the type material of A. maritima is unknown, and therefore A. maritima is not included within the AASC pending the recollection of suitable material of A. maritima.
Alternaria tomato
DISCUSSION
The aim of the present study was to employ genome comparisons and molecular phylogenies to clarify the species present in Alternaria sect. Alternaria. The Alternaria genomes generated in this study ranged in size from 32.0-39.1 Mb (Table 2) , which can only be partly explained by differences in repeat content between the genomes. The isolates with the highest repeat content, A. avenicola (~12 % repeats) and A. alternantherae (~16 % repeats), have a relatively large genome size (39.1 and 35.0 Mb), but A. infectoria with a genome size of 36.5 Mb contains onlỹ 5 % of repeats (Table 2 ). The percentage of repeats within sect. Alternaria is relatively low, 1.4-2.7 %, with the highest percentage of repeats in the A. arborescens genome. The isolates which are now named A. alternata, only ranged from 1.4-1.7 %. The genome assembly shows a high similarity between the isolates within sect. Alternaria; 96.7-98.2 % genome identity within sect. Alternaria, compared to 85.1-89.3 % genome identity between isolates from other sections with the reference genome of A. alternata (CBS 916.96) . This is confirmed by the percentage of SNPs found in the whole-genome and transcriptome reads; 1.4-2.8 % and 0.8-1.8 % SNPs in respectively the whole-genome and transcriptome reads between isolates from sect. Alternaria, compared to 8.0-10.3 % and 6.1-8.5 % SNPs found in isolates from different sections with the A. alternata reference genome. The phylogenetic species boundaries proposed here for sect. Alternaria are corroborated by the percentage of SNPs found in both the genome and transcriptome studies. The morphospecies now synonymised under A. alternata show 1.4-1.5 % SNPs in their whole-genome reads compared to 2.8 % in A. gaisen and 1 % of SNPs in their transcriptome reads compared to the reference isolate, while the species retained as separate, A. gaisen and A. arborescens, both show 1.8 % of SNPs in the transcriptome reads.
To be able to determine whether an isolate should be referred to as forma specialis or pathotype, the species boundaries should first be firmly established. From the seven described pathotypes of A. alternata (Akimitsu et al. 2014) , two are now recognised as separate phylogenetic species in sect. Alternaria, namely A. gaisen and A. longipes, and one belongs to the A. arborescens species complex (AASC). The terms forma specialis (e.g. Neergaard 1945 , Joly 1964 , Grogan et al. 1975 , Vakalounakis 1989 , Yoon et al. 1989 and pathotype (Nishimura & Kohmoto 1983) have both been used to specify the host affinity of strains of A. alternata. This affinity to a specific host is in most cases caused by the ability to produce a unique host-specific toxin (HST), which is needed for infection of the specific host. We propose here to standardise the taxonomic terms used according to Rotem's approach (1994) . He favoured the use of the trinomial system in which the third epithet, the forma specialis, defines the affinity to a specific host in accordance with the produced toxin. When different toxins are produced on the same host, but these toxins affect different host species, like for instance on Citrus where the ACT-and / or ACR-toxin can be produced by the same f. sp., which affect tangerine and / or rough lemon, respectively (Masanuka et al. 2005) , the term pathotype will be used. The four previously described pathotypes which still reside in A. alternata (Akimitsu et al. 2014) , will therefore be named A. alternata f. sp. mali for isolates producing the AM-toxin, f. sp. fragariae for isolates producing the AF-toxin, f. sp. citri pathotype rough lemon for isolates producing the ACR-toxin, and f. sp. citri pathotype tangerine for isolates producing the ACT-toxin. All A. alternata isolates which are not confined to specific hosts and / or toxins should retain only the binomial name until such specificity is found. Multiple studies showed that HST gene clusters are located on small conditionally dispensable (CD) chromosomes (Tanaka & Tsuge 2000 , Hatta et al. 2002 , Akamatsu 2004 , Harimoto et al. 2007 , 2008 , Hu et al. 2012 which can be lost (Johnson et al. 2001) or gained (Salamiah et al. 2001 , Masanuka et al. 2005 , Akagi et al. 2009 ), making an isolate either non-pathogenic or pathogenic to the specific host affected by the HST. With the species boundaries set in this study, this loss or gain of a specific gene cluster will not change the binomial part of the species name of an isolate. Stewart et al. (2013a) have suggested that sequence data derived from SCARs would provide sufficient resolution to address lower level phylogenetic hypotheses in Alternaria. The authors developed SCARs from randomly amplified and cloned RAPD-PCR amplicons of which six of the 19 tested on small-spored Alternaria isolates were highly polymorphic. One of them was too variable which made it difficult to align and amplify this region; the remaining five were all more variable then ITS, gapdh and tef1, but only one (OPA10-2) showed a higher variability than endoPG. The other four were equally variable as or slightly more variable than endoPG. Both endoPG and OPA10-2 are used in the multi-gene phylogeny presented here, but could only distinguish 11 species of the 52 morphospecies previously described. Also, the molecular phylogenies obtained from the relative low conservative genes based on genome sequencing, KOG1058 and KOG1077, could not provide sufficient resolution to distinguish the known morphospecies. The incongruencies between the single-gene phylogenies, together with the high similarity found in the sequenced genomes of sect. Alternaria and the low SNP count derived by the genomic and transcriptomic data between isolates of sect. Alternaria led to the conclusion to synonymise 35 Alternaria morphospecies under A. alternata. As mentioned above, the detection of host-specific toxins could eventually give rise to several new formae speciales of A. alternata.
In a later study the same authors (Stewart et al. 2014) estimated the evolutionary histories of four nuclear loci on a worldwide sample of A. alternata isolates, causing citrus brown spot, using the coalescent theory. Next to the phylogenetic species concepts for estimating the species boundaries, two approaches were used that incorporate uncertainty in gene genealogies when lineage sorting and non-reciprocal monophyly of gene trees is common. The coalescent analyses revealed that the phylogenetic lineages are strongly influenced by incomplete lineage sorting and recombination. Also a study of the mating system of A. alternata isolates causing citrus brown spot found signatures of recombination (Stewart et al. 2013b) . Andrew et al. (2009) already hypothesised that recombination and incomplete lineage sorting could explain the significant incongruence they found among gene genealogies in a four-gene species phylogeny on small-spored Alternaria, and the several putative recombination events that were identified within two non-coding regions. In agreement with our findings, little support was found for most of the morphospecies, when using these quantitative species recognition approaches.
Most of the synonymised morphospecies (10 / 35 species) under A. alternata were described in 2007 (Simmons) , and are only based on a single isolate that was collected long before the year of description (A. brassicinae, A. citricancri, A. herbiphorbicola, A. pulvinifungicola, A. postmessia, A. soliaegyptiaca, A. vaccinii) . As far as known, no new isolates of these species were reported in literature after their original description. Studies on the presence of host-specific toxins in these isolates could show if they should become a new f. sp. of A. alternata. Nine of the synonymised morphospecies are described in a paper on the classification of citrus pathogens ALTERNARIA SECTION ALTERNARIA www.studiesinmycology.org (Simmons 1999) . The validity of all these small-spored species described from citrus was already questioned by a molecular study performed in later years (Peever et al. 2004) . The authors already advocated that all small-spored citrus-associated isolates of Alternaria should collapse into a single phylogenetic species, A. alternata. Also the validity of the name A. mali, the causal agent of Alternaria blotch of apple, which occurs on the European quarantine lists, was questioned in recent years (Rotondo et al. 2012 , Harteveld et al. 2013 . The authors describe the association of multiple Alternaria species-groups with leaf blotch and fruit spot diseases of apple in Italy and Australia respectively, and could not separate the A. mali reference isolate from 'A. tenuissima' isolates with molecular data. Based on the approach described in the present study, the only way to distinguish A. alternata f. sp. mali, which is of high importance as quarantine organism, is to detect the AM-toxin that gives the name to these isolates (Johnson et al. 2000) .
The isolates constituting the AASC show some internal molecular and morphological variation, but can only clearly be separated from the A. alternata cluster based on molecular data. Both A. cerealis and A. senecionicola were marked by Simmons (2007) as having an arborescent-like sporulation pattern, but not all isolates from the AASC display this typical arborescent-like sporulation pattern (Fig. 5 ). This is illustrated by the fact that 12 out of the 28 isolates, which cluster in the AASC, were stored in the CBS collection as either A. alternata or A. tenuissima (Table 1) . Because of the inconsistencies in morphology and molecular data in the AASC, more research is needed before conclusions can be drawn on the phylogenetic species present in this complex. Next to the known pathogenicity of A. arborescens on tomato, caused by the production of the AL-toxin, studies on Alternaria spp. show that isolates from the AASC can also cause diseases on apple (Rotondo et al. 2012 , Harteveld et al. 2013 and can act as postharvest pathogens on apple and citrus , Serdani et al. 2002 . The presence of multiple human isolates in the AASC stresses the importance of additional research on this species complex. To our knowledge, A. arborescens was not previously recognised as being of medical importance. One recent publication (Hu et al. 2014 ) does describe A. arborescens as the causative agent of a cutaneous Alternariosis in a healthy person, but the identification was based on ITS alone, a locus which cannot distinguish A. arborescens from multiple other species now recognised in sect. Alternaria (Table 4 ). In the end it might well be that A. arborescens needs the same treatment as A. alternata, and that it will be divided into different formae speciales based on the specific host they infect, and the toxin gene cluster they exploit.
The need for this research is stressed by examining recent publications on Alternaria spp. from sect. Alternaria. Two Alternaria species that were both argued as new based on phylogenetic data, and which were published during the writing of this manuscript, are both placed in synonymy under an older species name in this study. Based on molecular comparisons, Alternaria capsicicola (Nasehi et al. 2014 ) is synonymised under A. jacinthicola, and A. viniferae (Tao et al. 2014 ) is synonymised under A. alternata. Furthermore, the recent descriptions based on ITS alone of A. arborescens as the cause of cutaneous Alternariosis in a healthy person (Hu et al. 2014) and of A. longipes as the cause of a severe leaf spot disease on potato (Shoaib et al. 2014) need to be re-investigated by employing a more robust molecular dataset. As already mentioned above, A. arborescens cannot be separated from A. alternata based on the ITS region alone, and the 1 unique fixed nucleotide in the ITS sequence which separates A. longipes from A. alternata is not present in the ITS sequence from the isolate causing the leaf spot in potato. These are most likely not the only examples of species of Alternaria sect. Alternaria treated in recently published manuscripts that need to be confirmed by, or subjected to, a multilocus sequence analysis in light of the present study. The research presented here will hopefully make the correct identification of species in sect. Alternaria easier for other researchers confronted with these species.
CONCLUSIONS
Based on genome comparisons and molecular phylogenies, Alternaria sect. Alternaria consists of 11 phylogenetic species and one species complex. Thirty-five morphospecies, which cannot reliably be distinguished based on the multi-gene phylogeny, are synonymised under A. alternata. When a specific HST-gene cluster is demonstrated in an A. alternata isolate, this isolate will be named as a f. sp. of A. alternata. Currently three formae speciales of A. alternata are recognised, of which f. sp. citri consists of two pathotypes, according to the host species the HST acts upon. The AASC can be distinguished from all species now recognised within sect. Alternaria, but the inconsistencies in morphology and molecular data makes further research necessary. By providing guidelines for the naming and identification of phylogenetic species in Alternaria sect. Alternaria, a stable and consistent taxonomic treatment of this section can hopefully be accomplished for the future. The provided unique fixed nucleotides will help plant pathologists and medical mycologists to choose which genes to sequence for quick and accurate identification of their species of interest.
